ABSTRACT An experiment was carried out to evaluate the digestibility and metabolizability of corn and a corn/soy-based diet with the inclusion or not of xylanase and/or phytase in broilers. In the trial, 1,120 broiler chicks were distributed according to a completely randomized experimental design, consisting of 16 treatments, with 10 replicates of 7 birds each. Treatments were evaluated following a factorial arrangement (4 × 2 × 2), with 4 xylanase levels (zero, 50, 100, or 150 fungal β-xylanase units/kg; FXU), 2 phytase levels (zero or 1,000 phytase units/kg; FTU), and 2 diets (corn/soy or pure corn). The same basal diets were fed from one to 14 d post hatch for all birds, after which the experimental diets were provided until d 25. All birds were euthanized on d 25 for collection of ileal contents. Samples of feed, excreta, and ileal digesta were analyzed for determination of apparent ileal digestibility. The effect of xylanase on the coefficient of apparent dry matter metabolizability and apparent metabolizable energy was increased by the presence of phytase in the complete diet but not in the diet based on pure corn resulting in a diet * phytase * xylanase interaction (P < 0.01; P < 0.001, respectivaly). Equivalent effects were observed for the apparent coefficient of ileal protein digestibility in which xylanase effects were potentiated by the presence of phytase only in the complete diet, resulting in a significant 3-way interaction. In corn there was a limitation in improving digestibility when we added increasing levels of xylanase with phytase. Otherwise in the corn/soy-based diets, the enzymes were potencialized when they were added together. The fact that the effect of xylanase was enhanced by the presence of phytase in complete diets but not in pure corn may be associated with differences in substrate (arabinoxylan and/or phytate) concentration and presentation, diet nutrient balance, or other factors. It can be concluded that the interactive effects of xylanase and phytase can be substantial but may depend on the characteristics of the diet fed.
INTRODUCTION
Plant feedstuffs may present antinutritional factors that impair diet utilization. For instance, non-starch polysaccharides (NPS) are poorly digestible and may act as barriers to the access of enzymes to the nutrients (Wyatt et al., 2008) . In addition, some fractions of the NSPs are soluble in water, increasing the viscosity of the intestinal contents and forming a water layer between the nutrients and the enzymes (Carré, 2004) , impairing the action of the enzymes, and, consequently, reducing diet digestibility , although in corn-based diets, it is probable that the barrier effect C Crown copyright 2016. Received April 10, 2016. Accepted August 31, 2016. 1 Corresponding author: schrammvgs@gmail.com is more important than the increase in viscosity for diet digestibility (Khadem et al., 2016) .
In corn/soy-based diets, corn accounts for approximately 65% of dietary metabolizable energy and 20% of dietary protein for broilers (Cowieson and Adeola, 2005) . It is also important to point out that corn contains about 0.9% soluble NSP and 6% insoluble NSP (Kocher et al., 2003) . The total arabinoxylan in corn has been reported by Choct (1997) and Malathi and Devegowda (2001) to be 5.2 and 5.4%, respectively.
Phytate is an antinutritional factor present in plant feedstuffs, and is the largest phosphorus (P) reserve in plants (Reddy et al., 1982; Newman, 1991) . This compound, however, cannot be effectively digested by poultry, which therefore requires dietary inclusion of expensive inorganic P sources. Phytate also may complex with other divalent cations, such as calcium (Ca), manganese (Mn), magnesium (Mg), iron (Fe), and zinc (Zn) (Newman, 1991) . Moreover, under acid to neutral pH, phytate may chelate proteins (Cosgrove, 1980; Anderson, 1985; Thompson, 1986) , reducing solubility and digestibility and increasing the loss of endogenous proteins (Cowieson et al., 2004) .
In this context, the dietary inclusion of exogenous enzymes, such as xylanase and phytase, may reduce the negative effects of NSP and phytate, respectively, on diet digestibility. However, the possible interactions between these 2 enzymes, when added in combination in broiler diets are not well established (Conte et al., 2003; Cowieson et al., 2009; Gehring et al., 2013; Karimi et al., 2013) . Putatively, xylanase may enhance phytase efficacy by improving access to phytate that would otherwise be encapsulated in cell-wall material or by stimulating the ileal brake mechanism, increasing gastric residency of feed. However, such interactive effects of xylanase and phytase may depend on factors such as dietary phytate concentration and source as well as a range of more complex issues such as dietary ion balance, protein concentration and type, water characteristics, and so forth (Cowieson et al., 2009 ). Thus, there may be different interactions between xylanase and phytase in cereal compared with grain legumes or in a diet based on only cereal compared with a complete diet. It was the objective of the work reported herein to evaluate the possible effects of the inclusion of increasing xylanase levels and the inclusion or not of phytase on the digestibility and metabolizability of diets based on corn and soybean meal and of corn individually fed to broilers.
MATERIALS AND METHODS
The experiments were approved by the Committee of Ethics on Animal Use (CEUA) of the Sector of Agrarian Sciences of the Federal University of Paraná, Curitiba, PR, Brazil.
Birds and Location
One-day-old Cobb R broilers (n = 1,120) were housed in 0.90 m long x 0.40 m wide x 0.30 m high galvanizediron metabolic cages, equipped with trough feeders and drinkers. Metal trays, lined with plastic canvas, were placed underneath the cages for excreta collection. Environmental temperature and luminosity were controlled during the experimental period according to breeder guidelines. Birds were offered feed and water ad libitum throughout the experimental period.
Experimental Diets
Dietary treatments were constructed in a 4 × 2 × 2 complete factorial arrangement consisting of the dietary inclusion of 4 xylanase levels (zero, 50, 100, or 150 fungal β-xylanase units/kg; FXU), the inclusion or not of phytase (zero or 1,000 phytase units/kg; FYT), in 2 diets (corn/soy-based complete diet or a diet based on only corn) with 10 replicates of 7 birds each, as shown in Table 1 . Acid-insoluble ash (AIA; Celite TM ) was added at 1% to all diets (Table 2) as an indigestible marker. Though the diet based on corn was inadequate in terms of digestible amino acids and protein, limestone, phosphate, and vitamin and mineral premix were used to supply the birds' mineral and vitamin requirements ( Table 2 ). The analyzed chemical composition of corn is shown in Table 3 .
The added xylanase product (Ronozyme WX R (CT), Novozymes A/S, Bagsvaerd, Denmark) consists of a granulated heat-stable endo-xylanase from the fungus Thermomyces lanuginosus, produced by submerged fermentation of a genetically modified microorganism (Aspergillus oryzae). Its main activity is the endo-1,4-β-xylanase (IUB No. 3.2.1.8). According to the manufacturer, the minimum activity of the fungal xylanase is Prosky et al., 1988. b Amylose content was obtained using the Blue Value method (Gilbert and Spragg, 1964 ) using enzymes to hydrolysis: α-amylase Termamyl 120Ls, protease Flavourzyme 500Ls, and amyloglucosidase AMG 300Ls, all produced by Novozymes Latin American Limited.
1,000 units of xylanase/fungus (FXU) per gram, unit of endo -1,4-β -xylanase, which releases 7.8 micromoles of reducing sugars (xylose equivalents) per min from wheat arabinoxylan at pH 6.0 and 50
• C. The phytase product (Ronozyme Hiphos R (CT), Novozymes A/S, Bagsvaerd, Denmark) consists of a granulated phytase preparation (IUB No. 3.1.3.26), produced by submerged fermentation of the microorganism (Aspergillus oryzae). Minimal activity is 10,000 FTU per gram; the phytase unit is defined as the amount of enzyme to liberal one μmol inorganic phosphorus per min at pH 5.5, 15 μM solution of sodium phytate at 37
• C. Xylanase was added without any assumptions made about energy contributions (on top) in formulation. On the other hand, when phytase was added, both dietary phosphorus and calcium were reduced by 0.15%.
Digestibility Assay
All birds were fed a basal diet (3,100 kcal/kg AMEn, 22% CP, 0.9 Ca, 0.45 aP) until 14 d old. The experimental diets were fed from d 15 to d 24 including 5 d of adaptation to the diet (d 15 to 20), followed by 4 days (d 21 to 24) of partial excreta collection. Excreta were collected twice daily, with the aid of plastic spatulas. Excreta were placed in duly identified plastic bags immediately after collection, and then frozen at -18
• C. In order to determine protein ileal digestibility, birds were sacrificed by neck dislocation, eviscerated, and the ileum was collected. The ileum was defined as the segment between 4 cm posterior to Meckel's diverticulum and 4 cm anterior to the ileal-cecal-colic junction. The ileal content was manually removed by compressing the ileum with the aid of scissors and forceps, and placed in duly identified plastic containers. The contents were pooled per pen of 7 birds each. Samples were then immediately frozen in liquid nitrogen and stored in a freezer at -18
• C.
Chemical Analyses
Excreta samples were thawed at environmental temperature and homogenized. Subsamples were removed and dried in an oven at 55
• C until a constant weight was achieved. The ileal contents were freeze-dried in flasks previously frozen at -20
• C, and then placed on the freeze-drier trays (Lyophilizer, ModulyoD, Thermo Electron Corporation, Waltham, MA) until 5 × 10 −2 mbar vacuum pressure. Samples were then ground to one mm particle size. Excreta samples and experimental diets were analyzed for gross energy (GE) in a bomb calorimeter (model 1261, Parr Instrument Co., Moline, IL). Another fraction of the samples was dried in an oven at 105
• C to determine dry matter (DM) content (AOAC, 1995). Acid-insoluble ash content of the diets, excreta, and ileal content was determined according to the methodology described by Scott and Boldaji (1997) . Diets and ileal content were analyzed for crude protein (CP) content (AOAC, 1995) .
Dietary metabolizability and digestibility were calculated using the indigestibility factor (IF) = % AIA in the diet/% AIA in the excreta. The coefficient of apparent metabolizability of dry matter (CAMDM, %) was calculated as: 100 -IF. Apparent metabolizable energy (AME, kcal/kg) was calculated as: dietary GE -(excreta GE * IF). The equation used to calculate the coefficient of apparent ileal digestibility of crude protein (CAiDCP, %) was: dietary CP % -(excreta CP % * IF)/ dietary CP % * 100).
Statistical Analyses
Data were analyzed according to a completely randomized experimental design in a 4 × 2 × 2 factorial arrangement. Data were submitted to analysis of variance (ANOVA), and when significant interactions were determined, their deployment was submitted to the test of Tukey (P < 0.05). In the effect of quantitative parameters (graded levels of xylanase inclusion) data were tested by linear and quadratic regression analyses (P < 0.05).
The discontinuous analysis of regression, using the LRP procedure of SAS statistical software (9.0, Cary, NC) was applied to verify which xylanase level determined the maximum response.
RESULTS AND DISCUSSION
The effect of xylanase and phytase on nutrient digestibility of corn-based and a corn/soy-based diet is presented in Table 4 . The effect of xylanase on total tract retencion of dry matter (TTRDM) and AME were increased by the presence of phytase in the complete diet but not in the diet based on pure corn resulting in a diet * phytase * xylanase interaction (P < 0.01 and P < 0.001, respectively, TTRDM and AME). Specifically, in the presence of phytase, xylanase increased the AME of the corn/soy-based diet by 334 kcal/kg whereas in the diet based on pure corn the increase was only 88 kcal/kg. When phytase was not present, the effect of xylanase on AME was generally lower, being 167 kcal/kg in the diet based on pure corn and 80 kcal/kg in the corn/soy complete diet. Also, xylanase effects on the ileal digestibility of crude protein (IDCP) were potentiated by the presence of phytase only in the complete diet, resulting in a significant 3-way interaction.
Evaluating broiler feeds with low available phosphorus, Conte et al. (2003) added increasing levels of phytase to diets including or not xylanase, but did not find any significant interaction between the enzymes in terms of live performance or bone parameters. However, those authors found individual enzyme effects: Xylanase inclusion improved broilers' feed conversion ratio, but did not influence the other performance parameters evaluated.
The response to increasing dietary xylanase inclusion levels follows the same pattern of many biological responses. After a determined level of enzyme inclusion, dietary utilization reaches a plateau and does not improve further when higher enzyme levels are added to the diet. This may be mathematically represented by the slope-ratio regression model: a sloped line, followed by a horizontal line (plateau), where the intersection point will determine the break point (Robbins, 1986) . This model is also called linear response plateau (LRP).
The interactive effects of xylanase and phytase in corn or corn/soy-based diets are visualized in Figures 1 to 3. In the diet based on corn, when phytase was absent, there was a linear increase in the TTRDM associated with increasing xylanase inclusion (P = 0.015; R 2 = 0.16) whereas no significant correlation between TTRDM and xylanase inclusion was observed when phytase was present (P = 0.25). Conversely, in the corn/soy complete diet the addition of xylanase from zero to 150 FXU/kg resulted in a significant quadratic increase in TTRDM with a higher plateau when phytase was present. The AME of corn was linearly increased by xylanase when phytase was absent but Table 4 . Total tract retention of dry matter (DM), apparent metabolizable energy (AME), and ileal digestibility of crude protein (CP) of diets with increasing inclusion levels of xylanase and containing phytase or not on DM basis. was quadratically increased when phytase was present (Figure 2) , whereas the AME of the complete diet was linearly increased by xylanase addition both with and without phytase inclusion.
For IDCP in the diets without phytase, no regression effects of xylanase were found (P = 0.18). However, when phytase was present, a linear improvement with xylanase addition was observed (P = 0.002; R 2 = 0.49). For the pure corn diets, the opposite effect was observed. When corn was fed without phytase, titration of xylanase resulted in a linear increase in IDCP (P = 0.007; R 2 = 0.40), but when phytase was present there was no clear dose response to added xylanase (P = 0.64).
The additive effect observed in the present study is consistent with the findings of Cowieson and Adeola (2005) , who included both phytase and carbohydrases in broiler diets and observed a better growth rate compared with the broilers fed diets including either of the enzymes independently. According to Adeola and Cowieson (2011) , phytic acid is not the target of xylanases, but the combination of phytase and xylanase may be beneficial through improved access to cell contents or beneficial changes in the intestinal environment, e.g., pH or residency of feed in the gastric gut. For example, Cowieson and Masey-O´Neill (2013) showed that xylanase may modulate the intestinal microbiome. When xylanase is added to poultry diets xylo-oligosaccharides are created and these may be fermented by the intestinal microbiome resulting in the production of volatile fatty acids (Choct et al., 1996) . Although fatty acids generated can present some energetic value, the most important effects may be a reduction in pH, which can restrict the proliferation of pathogenic bacteria and improve enterocytes development. It is possible that xylanase-induced changes in fermentation patterns would stimulate the ileal brake mechanism, slowing gastric emptying and creating increased opportunity for phytase effect as suggested by Cowieson and Masey-O´Neill (2013) . Cowieson et al. (2010) also observed an improvement in dietary digestible energy content (3.2%) when corn and soybean meal diets were supplemented with xylanase. Aftab (2012) , in his review, reported a metabolizable energy improvement of 2.2 to 5.3% in broiler diets based on corn and soybean meal supplemented with enzyme complexes containing xylanase.
The IDCP of the complete diet with phytase and of corn without phytase linearly increased with increasing xylanase levels, as shown in Figure 3 (P < 0.05). Similarly, when xylanase was added to the diet based on corn a linear increase in IDCP was observed. However, when phytase was added to the diet based on corn, no xylanase response to IDCP was noted (Fig. 3) . The effects of individual enzymes on IDCP detected in the present study is in agreement with Valle (2010) , who reported a 3.46% increase in the IDCP when broilers were fed diets with reduced nutritional levels and phytase inclusion. These results were obtained possibly because the amino acids bound to phytic acid may have been released and digested when phytate was hydrolyzed by the phytase supplemented in the diet (Selle and Ravindran, 2007) . In addition, Cowieson et al. (2009) suggested that improved protein utilization obtained with the use of phytase is due to in part to a reduction in the loss of endogenous protein from mucins and digestive enzymes that are secreted in response to the deleterious effect of phytic acid on protein solubility in the gut. It is possible that the beneficial effect of xylanase and phytase in corn on ileal amino acid digestibility overlap in mechanism, i.e., both may reduce endogenous amino acid flow and this results in a sub-additive or cannibalistic net effect. The fact that similar cannibalistic effects were not evident in the complete diet suggests that beneficial effects of xylanase on ileal amino acid/protein digestibility in soybean meal may be derived via independent mechanisms to that of corn. It is also important to note that the phytate concentration per se was not equivalent in the 2 diets examined herein and, for example, issues such as the ratio between phytate and protein may be relevant. For example, Mothes et al. (1990) observed that the solubility of protein from rapeseed was reduced by titration of phytic acid into the solution (in vitro). However, these responses were quadratic with maximum turbidity (insolubility) reported at a phytate:protein ratio of around 10 g phytic acid to 200 g protein (0.05:1) with increased solubility of protein at lower and higher ratios. It is possible that similar effects were evident in the work presented here. The results obtained with corn are consistent with the findings of Ravindran et al. (1999) who observed that phytase was effective when supplied in semipurified diets, significantly improving the ileal digestibility of protein and amino acids not only of corn, but also of other feedstuffs. However, as observed in the present study, Olukosi et al. (2010) reported similar corn IDCP results with the inclusion of phytase combined with carbohydrase or when only phytase was added to the diet suggesting sub-additive effects that corroborate the findings herein.
Maximum TTRDM and AME in corn diets with phytase were obtained with the inclusion of 50 FXU of xylanase, whereas 100 FXU were optimal for the complete corn/soy diet. It is possible that as corn contains low concentrations of soluble NSP (0.9%) and insoluble NSP (6%) relative to soybeans (6% soluble and 17% insoluble) (Choct, 1997; Malathi and Devegowda, 2001 ), less xylanase is required to optimize AME when corn is fed as opposed to a complete diet. Indeed Bach Knudsen (2014) observed that soybean meal contains as much as 2.6% arabinose and 1.7% xyloses, significantly altering the NSP profile of a corn/soy mix relative to pure corn. A similar result was observed by Malathi and Devegowda (2001) , who found 29% total NSP in soybean meal that comprised cellulose, pectin, and arabinoxylan at 5.2, 6.2, and 4.2%, respectively. Thus, it is possible that the interactions among phytase, xylanase, and diet may be explained by differences in substrate concentration and the resulting effect of the various products on metabolic processes.
CONCLUSIONS
The interaction between xylanase levels and the presence of phytase promoted positive effects when these enzymes were added to a complete diet, as evidenced by the higher dry matter digestibility and apparent metabolizable energy level obtained. However, when corn was fed as a single ingredient sub-additive, effects of xylanase and phytase were obtained. These results demonstrate the importance of feeding complete diets when evaluating the compatibility of exogenous enzymes, as single ingredients present a substrate and nutrient balance that may influence outcomes. Finally, it can be concluded that the presence of phytase, in a complete corn/soy-based diet, has a potentiating effect for exogenous xylanase. The effect of xylo-oligomer generation on the environment in the caudal gut and on gastric emptying and phytate degradation warrants further exploration.
